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Contrail-cirrus clouds warm Earth’s climate (based on physics), but the
magnitude of the net climate effect is where there are large uncertainties!

Outeoi Decreasing
I utgoing temperature

Incoming on.gw.ave with altitude
radiation

solar radiation

Contrail-cirrus are optically thin t \

and have little climate cooling
from reflecting incoming sunlight.
Might have a slight impact
(~10%) on photovoltaics.

Gruber et al., Atmos. Chem. Phys., 2018

Contrail-cirrus absorb Earth’s outgoing thermal
energy and re-emit it at a colder brightness
temperature, which results in a large, net

warming effect on climate!
https://en.wikipedia.org/wiki/Stefan-Boltzmann law



https://en.wikipedia.org/wiki/Stefan-Boltzmann_law

Recent Assessment Emphasizes the Larger Climate
Warming From non-CO2 Aviation Impacts (i.e., Contrails)

Global Aviation Effective Radiative Forcing (ERF) Terms
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Lee et al. (2021) “The contribution
of global aviation to anthropogenic
climate forcing for 2000 to 2018”
Atmospheric Environment,

https://doi.org/10.1016/j.atmosenv

.2020.117834


https://doi.org/10.1016/j.atmosenv.2020.117834

A Number of Pathways For Mitigating Aviation-Induced

Cloudiness (AIC)

Karcher (2018) also reviews potential pathways
for mitigating/reducing contrail cirrus cloud
production in the near-to-mid-term.

Sustainable Aviation Fuels (SAFs) hold great
promise for soot particle emissions reductions,
and hence, contrails.

In addition, new, low-emitting lean combustion
engines like the CFM LEAP-1B engines on the
Boeing 737-MAXs also hold great promise for
reducing soot and contrails.

AIC
mitigation
options

Short-term Long-term
. Mon
Drop-in drop-in
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options

Options to mitigate the climate impact of airckaft-induced cloudiness.
Fig. from Karcher, Nature Communications, 2018
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It’s Not Just A Climate Story — Aviation Emissions Impact Air
Quality of Communities Near Airports

* Emissions relevant to air quality occur over the landing and
take-off (LTO) cycle, comprising:

Idle

Taxi

Take-off

Climb out (0-3,000 feet)
Landing (0-3,000 feet)

* The International Civil Aviation Organization (ICAO)
tabulates emissions parameters for NOy, CO, hydrocarbons,
particle “smoke #”, and (as of Dec. 2020) mass & number!

* Need to quantify emissions under real-world conditions

* Particle emissions reductions from burning SAFs and from
newer lean-burn combustion engines improve air quality!

Aerosol surface area measured 0-18 km
downwind of LAX

m2/cm3 ® 63125 35.0-40.2
® 3353 ® 125179 @ 402487
179-30.0 @ 46.7-141.5 |
30.0-35.0

Hudda and Fruin, Environ. Sci. Technol., 2016



Sustainable Aviation Fuels As A Cornerstone of the
Biden Administration Climate-Friendly Policy

sustainable alternatives by 2050

@ Listen to article 2 min

T [l

https://www.whitehouse.gov/briefing-room/statements-releases/2021/09/09/fact-sheet-biden-administration-advances-the-future-of-sustainable-fuels-in-american-

Biden administration sets goal of replacing all jet fuel with

The administration says boosting the use of fuels made from waste or plants could cut emissions from flying 20 percent by the end of the decade

Aeronautics

Sep 8, 2021
RELEASE 21-118

Sustainable Aviation Goals

NASA Innovations Will Help US Meet  EEIMIGIER

MASA will demonsfrate high-risk, high-reward critical for U8 manufacturers to bring to marl

cosi-effective, and sustainable products and services demanded by airlines and cusiomers.
Gradits: Vehicle image created by Scott Anders, Rich Wahis and Lillian Gipson; Forest Imagery franckreporter, E+, Gattyl|

NASA Administrator Bill Nelson joined federal government and industry leaders Thursday at a White H
highlighting sustainable aviation and the administration's focus on medium- and long-term goals to con
climate change

aviation/

https://www.nasa.gov/press-release/nasa-innovations-will-help-us-meet-sustainable-aviation-goals

THE WHITE HOUSE

ERIEFING ROOM

FACT SHEET: Biden Administration
Advances the Future of Sustainable Fuels
in American Aviation

SEPTEMBER 09, 2021 » STATEMENTS AND RELEASES

New Actions Aim to Produce Three Billion Gallons of
Sustainable Fuel, Reduce Aviation Emissions by 20% by 2030,

and Grow Good-Paying, Union Jobs

Today, President Biden is taking steps to coordinate
leadership and innovation across the federal government,
aircraft manufacturers, airlines, fuel producers, airports,
and non-governmental organizations to advance the use of
cleaner and more sustainable fuels in American aviation.

These stenc will heln make nraceress taward aiir elimate



https://www.whitehouse.gov/briefing-room/statements-releases/2021/09/09/fact-sheet-biden-administration-advances-the-future-of-sustainable-fuels-in-american-aviation/
https://www.nasa.gov/press-release/nasa-innovations-will-help-us-meet-sustainable-aviation-goals

It’s Still Early Days For SAF Production
(Global Jet Fuel Consumption ~ 100 B gal./yr. Pre-Covid)

U.S. SAF production forecast
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5 Paramount+ 7 Unannounced or In-development efforts:

u * 60+ additional new-entrants collaborating with CAAFI

T NESTE * Outlined expansion goals of: LanzaJet, Gevo, Alder, Fulcrum, ...

> HDRD Frac 8+? * Refinery co-processing [ conversion

+ * Renewable Diesel switching pending BTC evaluation

w
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Not comprehensive; CAAFI estimates (based on technology used & public reports) where production slates are not
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1September2022  «  Dpes notinclude fractions of substantial Renewable Diesel capacity (existing and in-development) that can be =
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NASA Emissions Research Improves Understanding of Fuel
Chemistry & Emissions; Motivates and Advances SAFs

SNIF, SUCCESS Flight Tests
Concerns about high-sulfur
content of petroleum-based
jet fuels motivate studies
linking fuel chemistry to
volatile particles and contrails.

ACCESS, ND-MAX Flight Tests

First, in-flight, chase plane studies with SAF
blends show that particle emissions reductions
observed during AAFEX also translate into lower

emissions and fewer contrail ice crystals at cruise
altitudes.

APEX, AAFEX Ground Tests
First ground tests with SAFs show
large soot particle emissions
reductions. Tests also inform SAE
E-31 regulatory methodology
recommendations for ICAO WG3.

Boeing ecoDemonstrator
Ground and Flight Tests

First ground & flight tests
with pure SAFs + lean-burn
engines will assess “best
currently possible” particle &
contrail reductions.



APEX, AAFEX, ACCESS Ground Tests With NASA DC-8
Quantify Alternative Fuels Emissions Reductions

R Number of non-volatile particles emitted
| ~ per kilogram of fuel burn
1016 =+ 7
— : i | JetA
1 Fuel
15 | LS
107 % : ]— Blends
| Pure
10 + + [ Al
1 Fuels
1{]13 r

00 02 0.4 0.6 0.8 1.0
Engine fuel flow rate (kg / s)

Anderson, B.E. et al., NASA/TM-2011-217059, 2011
Beyersdorf A.J. et al., Atmos. Chem. Phys., 2014
Moore, R.H. et al., Energy & Fuels, 2015 11



However, Cruise Conditions Are Very Different From The
Ground, Which Necessitates In-Flight Testing

Nyt 2013-2014

ACCESS\ee o

* Flight test series conducted at Edward AFB complex
* Falcons are slow, but can sample exhaust up close

* Two fuels: Jet A and 50:50 Jet A and Biofuel Blend

e Corresponding ground test to link to past studies

Source Aircraft: AFRC DC-8 ‘_ LaRC HU-25 Falcon




However, Cruise Conditions Are Very Different From The
Ground, Which Necessitates In-Flight Testing

* Flight test series conducted in German air space

* DC-8 is fast, but was required to sample > 5 km in trail

* Three fuels: Jet A and 2 blends of varying composition

* Corresponding ground test

* Also sampled commercial aircraft flights of opportunity
in the national air space targeting advanced engines

Source Aircraft: DLR ATRA




Videos of in-flight emissions sampling on YouTube

- Alternative Fuel Effects on Contrails and Cruise E... o -,
Watch later Share
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Watch on E8 Youlube

NASA Videos of ACCESS, ND-MAX Flight Projects:
https://youtu.be/ZMWXIUi68ng
https://youtu.be/CMUOb6CMGwWO
https://youtu.be/vuzZhkalzSHE

Watch on IEBYoulube


https://youtu.be/ZMWXlUi68ng
https://youtu.be/CMU0b6CmGw0
https://youtu.be/vuZhkaJzSHE

Recent Flight Tests Demonstrate Strong Emissions &

Contrail Reductions From 50:50 SAF Blends

LETTER

d0i:10.1038 nxture 21420

Biofuel blending reduces particle emissions from
au‘cmft engines at cruise conditions

Tina Iurk.ll' RobcrL Martin', Dean Riddic

]lnb(_rl \lr ite

Aviation-related acrosol emissions contribute to the formation of
contrail cirrus clouds that can alter upper tropospheric radiation
and water budgets, and therefore climate’. The magnitude of air-
traffic-related acrosol -cloud interactions and the ways in which
these interactions might change in the future remain uncertain’
Maodelling studies of the present and future effects of aviation
on climate require detailed information about the number of
acrosol particles emitted per kilogram of fuel burned and the
microphysical properties of those acrosals that are relevant for
cloud formation’. However, previous observational data at cruise
altitudes are sparse for engines burning conventional fucks®, and
no data have previously been reported for biofuel use in-flight.
Here we report observations from research aircraft that sampled
the exhaust of engines onboard a NASA DC-8 aircrafl as they burned
conventional Jet A fuel and a 50:50 (by volume) blend of Jet A fuel
anda biofuel derived from Camelina oil. We show that, compared to

fuels, biofuel e number
and mass emissions immediately behind the aircraft by 50 to
70 per cent. Our observations quantify the impact of biofuel
blending on aerosol emissions at cruise conditions and provide
key microphysical parameters, which will be useful to assess the
potential of biofuel use in aviation as a viable strategy to mitigate
climate change.

The global aviation sector contributes approximately 5% of the
current anthropogenic radiative forcing, owing to direct emissions of
fossil-fuel €O {28 mW m- %) and the formation and evalution of con-
trails and contrail-induced cirrus dlouds (50mW m~%)'*, Of these
effects, the largest uncertainties are associated with aviation-induced
cloudiness, both directly from contrail-induced cirrus clouds and
indirectly from the contribution of black carbon, arganic and sulfate
acrosals that may act as cloud condensation nucle and ice muclei! =,
With emissions of €O, from fuel expected tn more than double by
2054, aviation-related contributions to radiative forcing may increase
to 3-4 times the year 2000 levels”. Consequently, some governments
are exploring ways to curb these emissions, and the International Air
Frans'porl Association (IATA) has targeted carbon-neutral growth by
a 50% reduction in carbon emissions by 2050 {ref. 9)
astainable bioje fucls are 2 promising route for mitigating green-
house gas emissions. However, many challenges remain before aviation
biofuels can be widely adopted. particularly with regard to cost and
sustainability. Jet fucls are more highly refined than the bifuds used
for surface transportation, with the latter perhaps presenting a "better
biomass opportunity cost™'". However, unlike for aviation, there are
many alternative energy solutions for surface transportation, other
uid hydrocarbon-based fuels, that are realizable in the near
Biojet fuels consist of a mixture of Co~Cys hydrocarbons that

) Bernadett Weinzier*, Daniel Sauer**, Fugenic
zel Lichtenstern?, Monika Scheibe?, Brian Beaton!, Andm.lslliu’\:‘!\dl![' o

, Michagl Shook ™, Gregary it
idward Winstead'?, Richard Yasky!, Luke D, Ziemba', Anthony Brown®, Hans Schiager® & Bruce E. Andersor?

[FAscoli™, Jin k i,

“hebsea A. Corr-8,

aretypically formed via transesterification and subsequent hydrapro
cessing of plant and animal oils to produce a hydrot reated esters and
fatty acids (HEFA) fuel that has many of the properties of petroleum.-
derived jet fuels'13. Promising plant-based foed stocks for fature
aviation biofuels include Jatropha, Camelina and algae'>

Biojet fusls have potential as 3 future aviation fuel source that is not
dependent on fossilized carbon and that contains near-zer levels of
sulfur and aromatic species, which are commonly present in petroleum-
based et fuels at levels of several hundred parts per million by mass
{pp.m.m.) sulfur and around 20% aromatics by volume. Previous labo-
ratory and ground test experiments using bio-based fuels or synthetic
Fischer-Tropsch fuels produced from natural gasand coal feed stocks
show that the absence of sulfur and aromatic species within the fuel
substantially reduces the sulfate and black carbon particle emissions
from ircraft engines*-1%. These results are important for reducing
the impact of aviation on local air quality near airports and suggest
that similar reductions are likely 10 be observed at high-altitude cruise
conditions; however, the engine operating conditions on the ground
{for example, temperature, pressure. fisel flow rates, fuel/air ratio and
maximum thrust) are very different from those in fight

Here we report airhorne measurements of jet engine exhaust, sam-
‘pled at cruise conditions, from engines burning both 2 blended biofiuel
and a conventional jet fuel Research aircraft from NASA, the German
Aerospace Center | DLR) and the National Research Council (NRC)
Canada d with h and sam-
‘pled the exhaust ofthe NASA DC-8 turbofan engines at atmospheric
and engine conditions that are exclusively met in light. The tests were
conducted during 2013201 4as part of the Alternative Fuel Effects on
Contrails and Cruise Emissions Study (ACCESS) at msm Armstrong
Flight Research Center in Palmdale, California,

The DC-6 source aircraft has four wing- mounlod CFMS6-2-C1
engines that can be fed fuel from any of four segregated fuel tanks
within the wings. During the flight experiments, these tanks con
tained either a medium- or low-sulfur-content Tet A fuel, while 2
fuselage-mounted audliary tank contained an approximately 50:50 (by
volume) blend of a low-sulfur-content Jet A firel and a Camelina-based
HEFA biojet fuel (see Methods).

“The exhaust plumes from the left and right inboard DC-8 engines
were sampled by research aircraft flying in a trailing formation at a
distance of 30-150m (plume age of about 0.15-{).755) behind the
DC-E (Fig. 1). This short distance assures that the plumes from specific
engines did not mix. Three different fuels and three different engine
thrust conditions were investigated, which bracket the range of real-
istic flight conditions on the DC-8 flight curve (Fig. 1d). Commercial
aircraft typically fly at thrust conditions at or slightly above the
“maximum range’ point, al which the quotient of drag and Mach

xS Langey Besearch G, Hamgen, ¥, USA “Sconoes s 2o Applton. FOXpORRS [SSAI Kampton, YR, ISA ousches et I Luf. ns Sumaerl 01)

2 W, A, g s U, W sonmary. ‘Cairomi
USA FBermingion Calkge, B
2, Ottws, Drdarts, Garada.

0 LRIy S B

4, IS A SA Fosicectonl Program, Columisz, Manyiand, USA

16 MARCH 2017 | VOL NATURE | 41
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Moore, R.H. et al. (2017),
Nature,
https://www.nature.com/
articles/nature21420

Voigt, C. et al. (2021),
Nature Comms. Earth &
Environ.,
https://www.nature.com/
articles/s43247-021-

00174-y



https://www.nature.com/articles/nature21420
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But...These Past Tests Conducted Under “Soot-Rich” Conditions

We Need to Understand The “Soot-Poor” Regime!

Soot Poor Regime

Number of Nucleated Contrail Ice Crystals

(per kg fuel burned)
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Need to understand
engine particle emissions
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in order to connect to
contrail formation and

climate impacts

Emissions reductions
also beneficial for
air quality

Figure adapted from Karcher, Nature
Communications, 2018.

Red circles show the approximate Number
Els observed during the 2014 ACCESS-Il and
2018 ND-MAX/ECLIF-II flight test series.

Moore et al., Nature, 2017; Voigt et al.,
Nature Comms. Earth & Environ., 2021
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Emissions Ground Tests

October, 2021
Boeing Field, Seattle, Washington

September — October, 2022
Boeing Everett Delivery Center, Everett, WA



Sunrise in North Dakota ”
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Length of 3/4-inch sample line
from inlet to center of the
ball valve is 4.02 m.

107 cm _

%
<
Xbend with |< 106 cm ,|

28 cm arc length,

followed by 55 cm
straight segment to the
center of inlet ball valve 45° bends, each
(into the page) with a 30 cm
arc length




Test Matrix Sampled 8 Thrust Conditions Both in Ascending, Descending
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Trace Gas Emissions Indices Invariant With Fuel (as expected)
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Significant Fuel Impacts on Non-Volatile and Total Particle Number
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Fuels Also Impact Black Carbon Mass; Although, Noisy Because
Absorption-Based Mass Measurements Are Near Background Values
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Example Size Distributions at 85% Thrust Demonstrate The Challenge @«

With Integrated Mass (Volume) Measurements Versus Number
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2022 Test Details:

Two Aircraft:
e Boeing 787-10 with GE Genx Engines
* Boeing 777-200ER with Rolls-Royce
Trent 800 Engines

Four Fuels:
* JetA
* Low-Sulfur Jet A
* 50% SAF + 50% Low-Sulfur Jet A
 SAF

4 Weeks at Boeing’s Everett Delivery
Center

2 Costco-Sized Containers of Peanut
M&Ms

—— 1Y f,f’*j
- |
Photo Credit: Boeing / Paul W%\%r%
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Lessons Learned, Gaps, and Future Opportunities

* Multi-decade, international, collaborative research effort to quantify SAF impacts on engine soot particle emissions
* Ground tests in the 2000s (APEX 1-3 series and AAFEX 1-2 series),
* Flight tests in the 2010s (ACCESS, ECLIF-1, and ECLIF-1I/ND-MAX)
* Future tests being planned for 2020s by NASA, DLR, and other international partners

* Adopting pure SAFs or SAF blends results in substantial soot particle number and mass emissions of 2-3x at cruise
conditions that translate directly into contrail ice crystal reductions; larger reductions seen at ground idle conditions

e Past flight measurements have focused on 50:50 SAF blends to meet current ASTM specifications for fuel properties
and fuel system compatibility with elastomeric seals. Need to measure emissions from burning pure SAF in flight.

* Past emissions characterization has focused on easily accessible engines (DC-8 CFM56-2’s, ATRA |IAE V2500’s) that
have soot particle emissions indices in the “soot-rich” regime. Need to study contrails in “soot-poor” regime.

* Boeing ecoDemonstrator Program is ideal for getting both of both worlds — advanced fuel + low-emitting engines
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